Manuscript Region of Origin: USA Abstract: Objectives: To assess the relative accuracy and usefulness of web tools in evaluating and measuring street-scale built environment characteristics. Methods: A well-known audit tool was used to evaluate street segments at the urban edge of metropolitan Boston, using on-site visits and three web-based tools. The assessments were compared to evaluate their relative accuracy and usefulness. Results: Web-based audits, based-on Google Maps, Google Street View, and MS Visual Oblique, tend to strongly agree with on-site audits on land-use and transportation characteristics. However, the two approaches to conducting audits (web versus on-site) tend to agree only weakly on fine-grain, temporal, and qualitative elements. Among the web tools used, auditors rated MS Visual Oblique as the most valuable. Yet Street View tends to be rated as the most useful in measuring fine-grain features, such as condition of sidewalks. Conclusion: While web-based tools do not offer a perfect substitute for on-site audits, they allow for preliminary audits to be performed accurately from remote locations, potentially saving time and cost and increasing the effectiveness of subsequent on-site visits. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Virtual and Actual
Introduction
The relationships between the built environment and physical activities have attracted the interest of researchers and planners from disciplines that include public health, urban design, and transportation planning. An ongoing challenge in this line of research is the development of reliable and valid micro-scale measures of pedestrian and street environments that may influence behaviors such as walking and bicycling for utilitarian or recreation purposes (Ewing et al., 2006; Forsyth et al., 2008; Lovasi et al., 2009 ). As part of this research effort, researchers have developed and tested several audit tools aimed at assessing the physical qualities of the built environment (especially street scale) by visiting sites in the field (Fänge and Iwarsson, 1999; Hoehner et al., 2005; Pikora et al., 2002; Moudon and Lee, 2003; Brownson et al., 2004a; Brownson et al., 2004b) .
Planners and researchers now have a set of powerful tools, developed for general use or specifically for planning purposes, to help design, visualize, and study the implications of urban planning approaches (Mitchell, 2003; Zeile et al., 2007; Batty, 2007) . In particular, Google Maps™ mapping service and Google Street View™ mapping service, which integrate photos in a geospatial framework, provide a rich experience of visual evidence in a study area (O"Reilly, 2006; Ratti and Berry, 2007; Ben-Joseph, 2011) . At present, web-based urban imaging tools have become an important resource available to all. More practitioners, researchers, and students are relying on web tools, such as Google Maps, Google Street View, and Microsoft Oblique Viewer, to perform quantitative and qualitative audits and assessments of sites remotely before visiting them or as a substitute for visiting a site at all. Evidence of the widespread use of these tools is Planetizen, a leading urban information exchange portal, offering courses of built environment attributes such as "building setback" and "width of the street and sidewalk".
Google Street View provides street-level images. These images replicate an "eye level" experience, allowing the user to virtually walk down the street. These images not only provide information about detailed urban features such as "road material", and "relative height of trees" but also convey qualitative information about the site such as "comfort level" and "aesthetics".
Microsoft Oblique Viewer (Bing Maps) provides a bird"s-eye view from a low viewing angle, providing three-dimensional information about a site. These images show the height of buildings and trees, clearly depict building setbacks and reveal the presence of detailed features such as fences, streetlights and benches.
Though the data generated by traditional on-site audit tools generally appears accurate, auditing large numbers of street segments can be time-and cost-intensive. The use of web tools may reduce costs of on-site auditing, while generating valid data.
Despite the convenience of these web-based tools, few studies have examined their strengths and limitations in auditing quantitative and qualitative urban features of a given site. In the study of public open space quality in Sydney, Australia, investigators 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Virtual and Actual 5 compared a remote-assessment with Google Earth Pro to direct observation (Taylor et al., 2011) . Their analysis found that a remote-access method can provide a reliable and timeefficient alternative to direct observation. Clark et al. (2010) evaluated the reliability of a virtual audit instrument, using Google Street View, and found that Google Street View was a reliable method for measuring recreational facilities and general land use. However, the virtual tool was less reliable auditing fine-grain features. Assessing the level of agreement between on-site and web-based (using Google Street View) audits, Badland and colleagues (2010) revealed that a web-based audit can save time, while demonstrating acceptable agreement with an on-site audit. Comparing in-person and Google Street View-based audits on neighborhood characteristics, Rundle et al. (2011) found a high level of concordance for measures of pedestrian safety, traffic and parking, and infrastructure for activity. However, "temporal" (likely to move or change within 1 week) or "small" (smaller than a backpack) features had lower levels of concordance.
While these studies investigated the accuracy of web-based audit instruments, none of them comprehensively employed multiple web-based tools available online, comparing their usefulness.
To examine the potential of web-based tools for substituting or complementing on-site visits and assessment, this study compared two separate audit approaches - (1) on-site and (2) web-based, simultaneously using Google Maps, Google Street View, and Microsoft Visual Oblique -in order to evaluate the extent to which on-site and webbased audits agree. Then, we compared the three web tools" usefulness, rated by auditors while conducting the web-based audit . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Virtual and Actual 7
Selection of Study Areas
This evaluation of Google Maps, Google Street View, and Microsoft Visual Oblique was part of a larger study designed to examine cross-sectional relationships between objective built environment characteristics and physical activity in suburban communities. To test these tools, street segments were identified for 21 participants in the larger study who resided at locations 10-20 miles north, west, and south of downtown Boston. The nearest street intersection to each respondent"s geocoded address was used to map street segments within 1,000m of the intersection. A total of 84 suburban residential street segments were audited.
Training
A protocol for audit-tool data collection was developed to address both on-site audit issues (e.g., safety) and web-based issues (e.g. use of software interface). Four auditors participated in a one-day training session that covered audit protocols. The training also included on-site and web-based audits of one street segment not included in the study .
Data Collection
During the summer of 2010 each auditor was required to conduct two separate audits (a web-based audit and an on-site audit) on a single street segment within each buffer for one participant-resident. The auditors produced a single web-based audit dataset by utilizing all three web tools (Google Maps, Google Street View, and Microsoft Oblique Viewer) simultaneously. When producing the web-based dataset, the auditors evaluated 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Virtual and Actual 8 the usefulness of each web tool. This phase was prerequisite to conducting the on-site audit. Most planning professionals compile some level of information about a site from published maps or the Internet before actually visiting it. For this reason, we decided to follow the same approach and conduct the web-based audits before the actual visit.
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Auditors were also required to rate the relative usefulness of each web tool in providing the evaluation.
Data Editing and Analysis
Data on individual street segments were coded and combined into two datasets in Microsoft Excel -the on-site and web-based audit databases -and subsequently reviewed for missing and miscoded data. The two audit files were combined, matching Cohen"s kappa was also used to compare the usefulness of the three web tools.
While conducting the single web-based audit, the usefulness of each web tool for each audit item was scored on four-point scales (extremely not useful = 0, not useful = 1, Virtual and Actual 9 somewhat useful = 2, and very useful = 3). In this ordinal case, a weighted kappa is necessary, since the distance (or difference) between "extremely not useful (0)" and "very useful (3)" is greater than the distance between "extremely not useful (0)" and "not useful (1)." We applied a weight matrix, assuming the linear increase of distances between response categories. With k ordinal categories, the maximum distance between any two categories is k-1, which is equal to 3 in this case. Hence, the weight for any particular cell in the weight matrix is: 1 -(distance / maximum possible distance). For example, the distance between "extremely not useful (0)" and "not useful (1)" is equal to 1, and therefore its weight is: 1 -(1 / 3) = 0.67. We also used the weighted kappa statistics for other ordinal responses in the transportation environment and social environment domains, using similar linear weighting matrixes. Table 1a shows the levels of agreement between on-site and web-based audits for landuse environment. The first question, which assesses land-use environments, finds substantial agreement between the two audit approaches. Among 55 items on specific destinations, agreement between the on-site and web-based tools was moderate for 17 items and substantial for 13 items. The strength of agreement on destinations that are rarely observed in suburbs, such as schools, universities, and mountains was poor or fair for 16 out of 55 items. The agreement on post office, library, and museum was almost perfect for 4 items. In identifying hidden from view features, such as outdoor pools and small bodies of water, the web-based audits tend to be better than the on-site audits. Virtual and Actual
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The agreement on the overall availability of alternative transportation modes is moderate (the first item in Table 1b ). Among 23 transportation environment items, the strength of agreement on the presence, location, and width of sidewalks and bike lanes, as well as street design characteristics to reduce traffic speed, availability of on-street parking, and pedestrian safety features was moderate for 2 items, substantial for 8 items, and almost perfect for 1 item. However, the two audit approaches tended to agree poorly on the questions about fine-grain features such as continuity of sidewalks and bike lanes, obstruction and levelness of bike lanes, the presence of bike racks, the presence of traffic calming devices, and aggressive drivers. Out of 23 items, 7 had "poor" agreement and 3 items had "fair" agreement.
In Table 1c with 13 items on facilities, the kappa coefficients of the first two questions that asked about overall visibility of recreational facilities were moderate or fair. Among the 11 specific items, the levels of agreement on fine-grain facilities were generally low: poor or fair for 8 items. Likewise in Table 1d agreement levels of the first two questions that assessed overall visibility of aesthetic features are moderate. Kappa coefficients on physical fine-grain aesthetic features were poor for 9 out of 10 items.
In Table 1e , the agreement on the visibility of signage was also poor or fair for 13 out of 15 items. The percentages in which the on-site audit identifies signs were higher than those of the web-based audit. These results indicated that the agreement between the two audits on micro-scale features tended to be poor, while the on-site audit was more useful than the web-based on in identifying signage. The agreement between the two audits on all 9 questions in the social environment domain was poor (Table 1f), which   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Virtual and Actual 11 implied that the web tools are weak in detecting daily activities: the percentages for which web tools identify no activities range from 95.2 to 100.
Ratings of Usefulness for Google Maps, Google Street View, and MS Visual Oblique
MS Visual Oblique was generally rated as the most useful tool, followed closely by Google Maps (see Table 2a -c). Google Street View was rated as the least useful tool.
However, Google Street View was rated as more useful than Google Maps in measuring micro features, such as levelness and condition of sidewalks, obstructions, and presence of bike racks (Table 2b) , as well as in identifying physical disorder and signage (Table   2c ).
Agreement of Google Maps, Google Street View, and MS Visual Oblique
For the seven land-use environment items (Table 2a) Oblique on land-use environment was "substantial" for 5 items and "moderate" for 2 items.
Pair-wise kappa coefficients for Google Street View and Google Maps ratings of 23 transportation items was moderate for 2 items, fair for 9 items and poor for 12 items (Table 2b ). For Google Street View and MS Visual Oblique, kappa coefficients were poor or fair for 16 out of 23 items. The agreement between MS Visual Oblique and Google Maps on transportation environment was moderate for 2 items, substantial for 12 items, and almost perfect for 9 items. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Virtual and Actual
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Evaluating the three items on facilities (Table 2c) , the usefulness ratings of Google Street View agree with Google Maps poorly for all 3 items, as well as agree with MS Visual Oblique poorly for 2 items and moderately for 1 item. Agreement between MS Visual Oblique and Google Maps was substantial for 2 items and almost perfect for 1 item.
For the four aesthetics items (Table 2d ), the agreement between usefulness ratings of Google Street View and Google Maps was "poor" for all 4 items. For Google Street View and MS Visual Oblique, the kappa coefficients are also poor for 4 items.
Agreement between MS Visual Oblique and Google Maps are moderate for 3 items and substantial for 1 item.
For the single item on signage (Table 2e) 
Discussion
For evaluating the effects of the built environment on physical activities, it is essential to improve and explore new measurement methods to assess environmental characteristics.
We compared on-site and web-based (using Google Maps, Google Street View, and MS Visual Oblique) audits, evaluating 84 street segments at the urban edge of metropolitan Boston. The usefulness ratings of the three web tools were also compared. Web-based technologies have made web-based audits a viable option. A few studies have tested the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Virtual and Actual 13 accuracy of Google Earth and Google Street View as audit tools, concluding that virtual audits based on the two web tools are generally valid and save cost and time, compared to on-site audits (Badland HM et al 2010; Clarke et al. 2010; Rundle AG et al. 2011; Taylor et al., 2011) . These studies also found that web-based audits are not adequately accurate measuring micro-scale features, such as garbage, litter, or broken glass. Our results are consistent to the previous findings. The three web-based tools offer relatively accurate instruments for auditing street-level environments, but are less effective measuring temporal and fine-grain features. We also identified different levels of usefulness among the three tools: Google Earth and MS Visual Oblique are generally more useful than Google Street View as an audit instrument. However, Google Street View was more useful measuring small features than the other two tools.
The web tools tend to be effective for capturing elements in land-use environment, transportation environment, and recreational facilities, while less effective measuring aesthetics features and aspects of the social environment. This is indicated by relatively stronger agreement between on-site and web-based audits on land-use environment, transportation environment, and recreational facilities than those on aesthetics and social environment. Another advantage of web-tools is their capability of showing adjacent areas that are not physically assessable or partially hidden, such as private pools and small ponds. In general, web tools are useful in measuring street-scale (i.e., presence of sidewalks, facilities, etc.) environment, whereas less useful in identifying fine-grain features (i.e., sidewalk levelness, signage, etc.). Another drawback of the web tools, which use snapshots of the built environment, is that they cannot capture non-static aspects of environments, such as time of day and year, social activities, or buildings Virtual and Actual 14 undergoing construction, and other qualitative features like level of congestion, physical disorder, etc. More generally, on-site audit provides a better understanding of context for a streetscape because auditors have to travel through neighboring areas to reach specific street segments. This process may be more difficult or omitted with the web tools.
Among the three web tools, auditors generally found MS Visual Oblique to be the most useful one, since it provides not only a bird"s eye view of study areas, but also elevations of buildings from different angles. Google Maps, which shows aerial images on the top, was rated as the second most useful. Google Street View, although offering virtual eye-level experiences of streets, was generally perceived as the least useful tool.
In particular, when identifying land-use characteristics, Google Street View tends to be ineffective, not providing the bird"s-eye view of segments. Yet Google Street View tend to be rated as more useful than Google Maps in measuring fine-grain features, such as levelness and condition of sidewalk, or obstructions, by providing closer views of streetscapes. Due to this unique nature of Google Street View, ratings of built environment characteristics using this tool tend to be in weak agreement with ratings based on Google Maps, as well as MS Visual Oblique. In contrast, ratings of built environment characteristics using Google Maps and MS Visual Oblique, both viewing environments from the air, tend to strongly agree. This suggests that the combination of the three web tools may help auditors establish a comprehensive understanding of environmental characteristics, since the strength of each web tool lies in different aspects of environments. Overall, while web-based tools do not offer a substitute for an actual on-site audit, they do allow for preliminary audits to be performed accurately from remote locations, potentially saving time and cost and supplementing an actual site visit. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Virtual and Actual 15 However, we find that there are several limitations of using web tools to evaluate attributes of a street segment. First, the evaluation is highly dependent on when the images are taken by the administrators of the web tool. The time when the images are taken is not noted. Therefore, any current changes on the site might not be reflected in these web images. Hence, web tools are generally useful for static elements, but not effective in capturing transient features or recent modifications in the built environment, such as sidewalk improvements. Second, the resolution of internet images is limited, making it more difficult for planners and designers to evaluate detailed urban features such as sidewalk conditions or signage. This results in the ineffectiveness of web tools in measuring fine-grain features.
It is possible to envision a future in which the process of computer recognition of specific features in the built environment will be automated. One could forecast that a computer algorithm could be developed to scan images on Google Street View and identify all streets that have sidewalks with curbs, streetlights, or curb parking. An example of this process can be seen in the work of image/object recognition. For example, recent developments in this field have yielded interesting results in describing the contents of images (GWAP, 2011; LabaleME, 2011; Mechanical Turk, 2011) . Object recognition will allow users to access a vast amount of image data and organize it (or have the computer organize it) through numerous associations. For example, images can be arranged and retrieved according to their association with a particular land use such as a store, mid-rise housing, etc. Or they can be stratified and recalled according to a specific feature or color, for example a lamppost, a pine tree or a wooden bench. Such tools would provide an added dimension by which web images could be used by 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Virtual and Actual 16 researchers to evaluate the built environment without the need to physically visit neighborhood sites.
Limitations and Future Research
While availability and usefulness of web tools differ across the types of neighborhoods (e.g., urban, suburban, rural), our analysis includes only the limited number of observations in a relatively homogenous area. For example, Google Street View is not available in some suburban local neighborhoods, while it covers most urban streets.
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